Sampling

120
We studied three lemur species from Madagascar, one mouse lemur (Microcebus 121 tavaratra) considered as endangered, and two sifakas (Propithecus coronatus and P. in Lisbon at 4˚C (see Table 2 for more details). Morphometric measures were taken and the For the two sifaka species, fecal samples were obtained non-invasively just after 135 defecation from known individuals belonging to social groups that are being followed for , 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 were observed longer and more often in the field than the other 51 individuals. Their sex 144 could therefore be identified in the field with more confidence than for individuals from less 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 quantified for each sample the extracted DNA using a Nanodrop (Thermo Scientific 169 Nanodrop 1000 spectrophotometer) ( Table 2 ). Note that for fecal samples, the estimated 170 template DNA includes that of any organism (e.g., fungi, plants, bacteria) present in the feces 171 and is therefore not necessarily a reliable measure of lemur DNA. producing a ~200 bp fragment. As a result, males are expected to produce two bands, whereas 182 females are expected to produce only one band.
183
For fecal samples, PCR amplification was carried out in a total volume of 10 µl (Taberlet et al., 1996 (Taberlet et al., , 1999 here that this approach may be problematic if the rate of sexing error is high. Indeed, after five 239 replicates a 3/5 ratio favoring one sexing result is only marginally better than 50%. In our 240 study where sexing error rates were very low this is not an issue. 
254
To evaluate the number of replicates necessary for reliable molecular sex assignments, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
RESULTS
267
Amplification success rate 268 The proportion of positive PCRs out of the 508 PCR amplifications carried out overall for 269 the study was 92%, but the amplification success rate varied between species. For M. (22% of the 65 P. coronatus samples). Note that for these 14 samples, the amplifications were 277 often tested on several independent extracts (1.6 extracts/sample on average, with a maximum 278 of three extracts).
279
We obtained a minimum of three independent molecular sexing results (i.e. three positive Table 3 ). Two P. coronatus fecal samples could never give any specific PCR product despite 283 five independent amplification attempts using three different DNA extracts. The other two P.
284
coronatus fecal samples were only successfully amplified twice (Table 3) 
Rate of mismatching between the field and molecular sexing results
288
The rate of mismatching between the field and molecular sexing results was 9% over the 289 three species (mismatchings occurred in 14 of the 154 individuals with three independent 290 molecular sexing results), with important disparities between species (Table 4) . While for P. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 verreauxi we observed no difference between the field and molecular sexing results, we 292 detected differences for five M. tavaratra (6.7%) and nine P. coronatus (14.8%) individuals 293 (Table 4) . We also noticed that the mismatching rate was much higher in individuals assigned 294 to the male sex than to the female sex by the molecular sexing test in M. tavaratra (13.8% vs.
295
2.2%) and P. coronatus (22.9% vs. 3.9%, Table 4 ). This result means that individuals finally 296 identified as males on the basis of the PCRs were more often identified as females in the field 297 than the opposite (identified males in the field that were genetically identified as females). Assuming that the sex determined after three consistent sexing results of the positive 301 sexing PCRs was the "true" sex, we found that genotyping errors associated with non 302 amplification of the Y allele were infrequent, and males were properly identified in more than 303 99% of the 216 PCRs over the three species (Table 4) . The Y fragment dropped out only 304 twice over 87 amplifications in M. tavaratra (dropout rate = 2.3%), and never in P. coronatus 305 and P. verreauxi (Table 4) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 In this study, we applied Di Fiore's (2005) approach to new lemur species and tested it 328 with both non-invasive and tissue samples. We also assessed its reliability by comparing field 329 sex identifications to the molecular sexing results using several independent PCRs. The 330 results presented here are therefore of great importance to field biologists working on lemurs.
331
We note that most of the issues discussed here are actually valid across all vertebrates and 332 thus to most field biologists interested in determining the sex of unknown individuals which 333 cannot be reliably observed for long periods or for which only non-invasive samples are 334 available.
335
Our study showed that Di Fiore's approach worked on M. tavaratra, P. coronatus and P. worked on seven other lemur species (see Table 1 ). The fact that this other protocol was 347 unsuccessful suggests that more tests should be performed across species, including the 348 Lepilemuridae family not yet tested, and using different protocols. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 captured animals) and the first evidence that it worked on degraded DNA obtained from non- The differences in amplification success between the fecal samples of the two
365
Propithecus species are more striking. One hypothesis to explain this result is that sample 366 degradation has probably been more important in P. coronatus than in P. verreauxi fecal 367 samples. Indeed, while fecal samples from both species were collected fresh just after 368 defecation and then preserved dry in small tubes containing silica gel beads, P. coronatus 369 samples spent much more time in the field with important variations of temperature and 370 humidity and then in the lab at constant room temperature and humidity before DNA 371 extraction (total time between collection and extraction = 8-18 months) than P. verreauxi ones 372 (total time = 4 months, see Table 2 for more details). This hypothesis is also supported by the 373 lower DNA concentration measured with the Nanodrop in P. coronatus extracts than in P. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 that for fecal samples, the estimated template DNA includes that of any organism (e.g., fungi, 378 plants, bacteria) present in the feces and is therefore not necessarily a reliable measure of 379 lemur DNA. The figures above should therefore not be taken as measures of lemur DNA 380 quantity but rather as proxies for total DNA quality (less degraded), including that of lemurs.
381
We validated and assessed the accuracy of Di Fiore's lemur PCR-based sex test by final sexing consensus) were identical in more than 90% of all the samples. However, we 388 found large differences across species in the mismatch rate between field and molecular 389 sexing results (M. tavaratra: about 7%, P. coronatus: 15%, P. verreauxi: 0%).
390
For P. verreauxi fecal samples, we found that the field and molecular sexing results were 391 all consistent, probably because all subjects had been captured and handled at some point 392 prior to fecal sample collection. The P. verreauxi results are notable for demonstrating that Di 393 Fiore's lemur PCR-based sex test is highly reliable even with low quality DNA extracted 394 from non-invasive samples. Given that the time spent between collection and sexing seemed 395 crucial, sexing (and most probably genotyping) should be conducted as soon as possible.
396
For M. tavaratra ear biopsies, four individuals molecularly sexed as males and one 397 individual molecularly sexed as a female were assigned the opposite sex in the field. This 398 mismatch is likely due to sex misassignments in the field, because we followed a multiple- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 field after capture and handling of the animals, morphological sexing cues are sometimes we managed to obtain, for these two M. tavaratra individuals, a final consensus sex, which 483 was identical to the field sex. Interestingly, we also showed that less than 2% of the total 484 samples showed inconsistent molecular sexing results between the three first positive PCRs 485 and required additional PCRs to obtain the final consensus sex.
486
As a final test, because it was the species with the highest mismatch between field and 487 molecular sexes, we randomly chose 11 individuals among the 61 P. coronatus samples (for 488 which we could obtain at least three independent positive PCRs for the first molecular sexing 489 test) and molecularly sexed them a second time using independent PCRs from a different 490 sample collection in the field and extraction in the lab. The final consensus sexing results
491
were identical to the previous ones in all these 11 cases. 492 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 In summary, Di Fiore's sexing test based on the co-amplification of the SRY gene with 501 the amelogenin X gene using strepsirhine-specific X primers appears to be an interesting and 502 reliable molecular sexing test for lemurs. First, it has been shown to work thus far on six 503 different lemur species from five different genera and four different families and we may 504 therefore expect that these markers will be universal among lemurs and other primates.
505
Second, we showed that Di Fiore's sexing test works well on degraded DNA obtained from 506 non-invasive samples (at least in P. coronatus and P. verreauxi). In particular, the results 507 from P. verreauxi were extremely good with 100% success amplification and the markers did 508 not seem to suffer much from technical problems such as allelic dropouts, null alleles or 509 preferential amplification. However, the amount of time between sampling and 510 genotyping/sexing seems to be an important factor. Third, the sexing test can be conducted 511 with a single multiplex PCR, so that it is fast, inexpensive, and requires only small amounts of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 John Wiley & Sons, Inc. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48 TABLE 3 . Amplification success of the amelogenin X gene.
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This tables shows, for each species and when all the three species were pooled, the number of individuals for which 0, 1, 2 and ≥3 successful PCR amplification could be obtained (with a limit of 5-8 independent amplifications and 3 independent extractions for a given sample). Here only the samples with at least three positive PCRs were considered.
The consensus molecular sex represents the sex identified after three consistent results of the positive PCRs. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  476 We used the criteria identified by Villesen and Fredsted (2006a) for the "optimal primate sexing marker" (see main text) and applied them to all the different sexing markers tested so far in non-human primates. e but primer region mutations may be an issue in untested primate species.
f but primer region mutations may result in non-identification of males due to PCR failure.
NA: Not applicable. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
